Small GTPase RAS plays a critical role in cellular signaling and oncogenic transformation. Proteomics analysis of genetically defined human ovarian cancer models identified the tumor susceptibility gene 101 (TSG101) as a downstream target of RAS oncogene. Mechanistic studies revealed a novel post-translational regulation of TSG101 through the RAS/RAF/MEK/MAPK signaling pathway and downstream molecules p14 ARF /HDM2. Immunoanalysis using ovarian cancer samples and microtissue array revealed elevated TSG101 levels in human ovarian carcinomas. Silencing of TSG101 by short interfering RNA in ovarian cancer cells led to growth inhibition and cell death. Concurrent with the apparent growth-inhibitory effect, the levels of the CBP/p300-interacting transactivator with ED-rich tail 2 (CITED2) and hypoxia-inducible factor 1␣ (HIF-1␣), as well as its cellular activity, were markedly reduced after TSG101 knockdown. These results demonstrate that TSG101 is important for CITED2-and HIF-1␣-mediated cellular regulation in ovarian carcinomas.
RAS functions as an intracellular molecular switch, cycling between the GDP-bound inactive state and the GTP-bound active state in response to external stimuli leading from cell surface receptor tyrosine kinases to nuclear transcription factors (7, 8) . RAS-associated cell signaling is involved in many important cellular processes, such as cell growth, differentiation, and survival under physiological conditions. Several well known intracellular signaling cascades including the RAF/ MEK 1 /ERK pathway, the phosphatidylinositol 3-kinase pathway, and the RAL-guanine nucleotide dissociation stimulator pathway have been identified as mediators of RAS downstream effects (9 -14) . At the present time the precise molecular mechanism of RAS-mediated oncogenic transformation is not clear. Particularly how oncogenic RAS mutants, in collaboration with other oncogenes and tumor suppressors, perturb the balance of cellular signaling networks and lead to the formation of cancer cells remains undefined.
One particular protein implicated in tumorigenic processes that has garnered significant interest in recent years is the tumor susceptibility gene 101 (TSG101). TSG101 was originally identified as a potential tumor suppressor from a controlled homozygous functional knock-out screen. Inactivation of TSG101 in NIH3T3 mouse fibroblasts leads to focus formation in monolayer cell cultures, anchorage-independent growth in soft agar, and in vivo tumor formation in nude mice (15) . Initial studies suggested that TSG101 was often mutated in human breast cancers (16) , and its aberrant splice variants were frequently detected in different tumor types (17) (18) (19) (20) (21) (22) . However, it was subsequently determined that these apparent mutations were in fact alternative splice variants generated exclusively by exon skipping (23) .
Although TSG101 is essential for cell proliferation, cell survival, and embryonic development under normal physiological conditions (24 -27) , the role of TSG101 in tumor formation and development has proven to be complex and remains controversial. TSG101 was initially described as a potential tumor suppressor, and the expression of TSG101 has been shown to be decreased in certain cancer samples (28) . However, more recent studies suggest that TSG101 levels are elevated in human cancers, including thyroid (29) and gastrointestinal tumors (30) . Furthermore overexpression of TSG101 can also lead to neoplastic transformation (15) . Gene silencing of TSG101 leads to growth arrest and cell death in breast and prostate cancer cells (31) instead of growth promotion as would be expected for the loss of a true tumor suppressor. We propose that TSG101 is an important factor for maintaining normal cellular homeostasis and that elevated TSG101 expression contributes to oncogenic transformation. This hypothesis is consistent with the fact that steady-state TSG101 levels are tightly controlled in normal cells, primarily at the post-translational level, keeping protein concentrations within a narrow range (32) . At the present time, the mechanism of TSG101 post-translational regulation is not clear. Understanding the cellular regulation of TSG101 is important for further elucidating the function of TSG101 under physiological and neoplastic conditions.
In this study, we identified TSG101 as a RAS downstream target in human ovarian epithelial cells transformed by either oncogenic H-RAS V12 or K-RAS V12 using a two-dimensional electrophoresis (2-DE)-based proteomics analysis. Immunohistochemical analysis of ovarian cancer tissue array revealed that TSG101 is up-regulated in more than 70% of human ovarian carcinomas. Gene silencing using TSG101-specific siRNA inhibited the growth and tumorigenicity of SKOV-3 cells, a naturally occurring ovarian cancer cell line with elevated RAS activity. Our study for the first time provides a direct link between oncogenic RAS and TSG101 and demonstrates a potential role for TSG101 in RAS-mediated oncogenic transformation through regulation of the CBP/p300-interacting transactivator with ED-rich tail 2 (CITED2) and hypoxia-inducible factor 1␣ (HIF-1␣).
MATERIALS AND METHODS
Cell Culture-T29, T29H, and T29K cells were generated through retroviral transfection as described previously (33) and grown in Medium 199/MCDB105 medium (1:1) (Sigma) containing 10% fetal bovine serum and 1% penicillin/streptomycin (Invitrogen). SKOV-3 cells were maintained in RPMI 1640 medium containing 5% fetal bovine serum (Invitrogen) and 1% penicillin/streptomycin (Invitrogen).
2-DE Analysis-2-DE proteomics analysis was performed as described previously (34, 35) . Briefly cells were trypsinized, washed in PBS, and lysed in buffer containing the following: 7 M urea, 2 M thiourea, 4% CHAPS, 1 mM EDTA, 1 mM EGTA, 60 mM DTT, 1 mM PMSF, 25 g/ml leupeptin, 10 g/ml aprotinin, 1 mM benzamidine, 1 mM sodium orthovanadate, and 1 mM microcystin. Total protein concentration was determined using the Bradford assay (Bio-Rad), and 500 g was loaded onto 18-cm Immobiline pH gradient strips (GE Healthcare). After focusing for 56,000 V-h, strips were loaded onto 10% SDS-Tricine gels and electrophoresed for 20 h at 140 V. Gels for analysis and for protein excision were stained with silver as described previously (36, 37) . Images were analyzed using Phoretix 2-D software (Nonlinear Dynamics). Spots of interest were excised and in-gel digested with trypsin as described previously (34) . Proteins were identified by MALDI-TOF analysis by comparison of tryptic fragment profiles with the National Center for Biotechnology Information (NCBI) database for theoretical peptide cleavage patterns.
Immunoblotting Analysis-The protein concentration of cell lysates was assayed with the Bio-Rad protein assay reagent. Equal amounts of protein were loaded onto 12% SDS-polyacrylamide minigels (BioRad) or 10% Tricine-SDS gels and transferred to PVDF membranes. PVDF blots and the remaining polyacrylamide gels were stained with Ponceau S and Coomassie Blue, respectively, to ensure equal loading and even transfer of the samples. After being blocked overnight in 5% milk in TBS-Tween, blots were incubated with corresponding primary antibodies for 1.5 h followed by horseradish peroxidaseconjugated secondary antibody (1:4000, Bio-Rad) for 45 min. Antigen-antibody complexes were detected by enhanced chemiluminescence (Pierce).
Gene Expression Analysis-Total RNA was isolated from cells using TRIzol reagent (Invitrogen), and the concentration was determined by absorbance at 260 nm. Real time PCR analysis was carried out using fluorescent TSG101 primers on an Applied Biosystems Prism 7000 sequence detection system. RT-PCR was carried out for TSG101 and HIF-1␣ using 1 g of isolated total RNA under the following parameters: 94°C for 1 min, 57°C for 1 min, and 72°C for 1.5 min; 35 cycles. Primers used for RT-PCR were TSG101 forward (5Ј-TCCAGTCTTCTCTCGTCCTATTTC-3Ј) and reverse (5Ј-TTTC-CTCC TTCATCCGCCATCTC-3Ј) and HIF-1␣ forward (5Ј-CCTG-CACTCAATCAAGAATTGC-3Ј) and reverse (5Ј-TTCCTGCTCTGTTT-GGTGAGGCT-3Ј).
RAS Pathway Inhibitor Studies-For chemical inhibitor experiments, cells were grown to 50 -60% confluence in 6-well plates and treated with DMSO vehicle or the following for 24 h: 20 M U0126 (MEK inhibitor), 10 M LY294002 (PI3K inhibitor), or 10 M FTI-277 (H-RAS farnesylation inhibitor). Following treatments, cells were lysed, and the levels of total and cytoplasmic TSG101 were examined by immunoblotting using specific anti-TSG101 antibody (1:1000, Novus).
Inhibition of H-RAS Gene Expression by Retroviral siRNA-SKOV-3 and T29H cells were transfected with two retrovirus-mediated H-RAS siRNA vectors (designated H1 and H2) that have been described previously (38) . Briefly H1 selectively silences mutant H-RAS V12 , whereas H2 suppresses both the H-RAS V12 mutant and wild-type H-RAS expression. SKOV-3 and T29H cells grown to 50% confluence in 10-cm plates were transfected with H1 and H2 retroviral supernatants generated from Phoenix viral packaging cells. Following transfection, cells were selected for 7-10 days in 0.7 mg/ml G418 to establish stable cell lines. RAS-GTP binding assays and Western blotting using anti-H-RAS (1:2000, Santa Cruz Biotechnology) were used to measure the expression and activation levels of RAS proteins in these siRNA cell lines.
Immunohistochemical Analysis-The tissue microarray slides were subjected to immunohistochemical staining as follows. After initial deparaffinization, endogenous peroxidase activity was blocked using 0.3% hydrogen peroxide. Deparaffinized sections were microwaved in 10 mM citrate buffer (pH 6.0) to unmask the epitopes. The slides were then incubated at 4°C overnight against TSG101 (1:100, Clone 4A10, Novus Biologicals), next with biotin-labeled secondary antibody for 20 min, and finally with a 1:40 solution of streptavidin: peroxidase for 20 min. Tissues were then stained for 5 min with 0.05% 3Ј,3-diaminobenzidine tetrahydrochloride that had been freshly prepared in 0.05 M Tris buffer at pH 7.6 containing 0.024% H 2 O 2 , then counterstained with hematoxylin, dehydrated, and mounted. All of the dilutions of antibody, biotin-labeled secondary antibody, and streptavidin-peroxidase were made in phosphate-buffered saline (pH 7.4) containing 1% bovine serum albumin. Negative controls were made by replacing the primary antibody with phosphate-buffered saline. All controls gave satisfactory results. Immunostaining for TSG101 was analyzed by computerized automated image analysis (Ariol SL-50, Applied Imaging, San Jose, CA). Quantitation was done on the whole core tissue at 20ϫ considering only tumor epithelial cells by appropriate training of the computerized system. Immunostaining for TSG101 was measured as the total integrated optical density and expressed in arbitrary optical density units (⌺OD). These units are expressed in a range from 0 to 255. An optical density unit closer to 0 corresponds to darker pixels, whereas a value closer to 255 corresponds to lighter pixels. Therefore, a ⌺OD low value translates as a higher expression, and a high ⌺OD value translates as a lower expression for the marker. For statistical analysis, all cases displaying total integrated optical density (mean Ϯ S.E.) were then grouped together on a 0 -3 scale. Negative staining (score 0) was defined as the total absence of marker (brown color). The mean of the results from the two replicate core samples from each tumor specimen was considered for each case. Counting criteria and software settings were identical for all slides. Quantitation was done blinded to clinicopathologic information. Normal ovarian epithelial cells were used as a comparison for intensity and pattern of staining.
Overexpression of HDM2 in T29H and SKOV-3 Cells-Freshly plated T29H cells (2 ϫ 10 5 cells/plate in 6-cm plates) and SKOV-3 cells at 80% confluence were transfected with HDM2 vector (1 g) using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions. Cells were harvested at 24 and 48 h post-transfection or further selected for the generation of stable lines using 0.7 mg/ml G418. Whole cell lysates were processed as described above, and Western blots were probed using anti-HDM2 (1:1000, Santa Cruz Biotechnology).
Transfection of SKOV-3 Cells with siRNA and HIF-1␣ Green Fluorescent Protein (GFP)
Reporter-Cells were plated at 1 ϫ 10 5 in 3.5-cm wells and grown overnight at 37°C. The following day cells were transfected with either control siRNA duplex or TSG101 siRNA duplex at 375 ng/well (Dharmacon) using Lipofectamine 2000. Cells were then passaged at 48 h post-transfection and used for subsequent experiments. The HIF-1␣ response element (HRE)-GFP reporter (a generous gift from Mark Dewhirst) was transfected into cells 48 h after transfection with siRNA reagents, and cells were subsequently plated onto microscope coverslips. On the 5th day following siRNA transfection, cells on coverslips were rinsed in PBS and fixed in 2% paraformaldehyde for 15 min. Nuclear staining was carried out with 4Ј,6-diamidino-2-phenylindole (5 ng/ml) for 5 min after which slides were mounted and observed using a fluorescence microscope (Olympus BX51) equipped with a Hamamatsu digital camera (C4742-95).
Cell Growth and Viability Assays-SKOV-3 cells were trypsinized 48 h post-transfection with siRNAs and plated at 2 ϫ 10 3 cells/well in 96-well plates with five wells for each treatment. On subsequent days, medium was removed, and 100 l/well fresh medium was added along with 10 l of 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyl tetrazolium bromide (MTT) to a final concentration of 500 g/ml. Cells were incubated for 3 h at 37°C and then lysed by adding 200 l/well DMSO and incubating at 37°C for 1 h. Cell viability was measured by reduction of MTT, which registered absorbance at 595 nm on a Molecular Devices microplate reader.
In Vivo Tumor Growth Assays-SKOV-3 cells were trypsinized 3 days following transfection with either control or TSG101 siRNA and subsequently washed and resuspended in phosphate-buffered saline at 5 ϫ 10 6 cells/ml. 200 l (1 ϫ 10 6 cells) of control or TSG101-transfected cells were injected subcutaneously into the right and left flanks (respectively) of 4 -6-week-old BALB/c athymic nude mice (The Jackson Laboratory, Bar Harbor, ME). Mice were examined every 5 days until visible tumors appeared. Subsequently tumor volume measurements were taken every 3-5 days, mice were sacrificed 6 weeks after initial injections, and a final measurement of tumor volume was taken.
RESULTS

Identification of Protein Targets Associated with H-RAS and K-RAS-mediated Oncogenic Transformation by 2-DE-based
Proteomics-To systematically investigate the molecular mechanisms of oncogene RAS-mediated transformation and to explore the important signaling events associated with transformation of human ovarian epithelial cells, we compared the total protein expression profiles of three genetically engineered cell lines, T29, T29H, and T29K, derived from human ovarian surface epithelial cells. Although T29 cells stably transfected with SV40 T/t antigens and human telomerase reverse transcriptase are fully immortalized, only the addition of oncogenic H-RAS (in T29H) or K-RAS (in T29K) leads to the malignant transformation of T29 cells (33) . To eliminate clonal variability, pools of early passages of T29, T29H, and T29K were used in this study. Total cell lysates from each cell line were analyzed by 2-DE using Immobiline dry strips (pH 4 -7) and 10% Tricine-SDS-polyacrylamide gels. For each cell line, at least two independent cell lysates were prepared from cultures at different early passages, and four or more well resolved gels from six different runs were analyzed. Fig. 1 shows representative silver-stained 2-DE images of T29, T29H, and T29K. Approximately 2200 distinct protein spots were resolved within each gel. The intensity of each protein spot was determined, normalized to the sum of intensities of all spots on the gel, and quantified as a percentage of volume in each gel using Phoretix 2-D analysis software (Nonlinear Dynamics). Each individual protein spot was then matched with the identical protein spot from each replicate gel. Data for these matched spots were then averaged over replicate gels for each cell line. The average normalized volume of each spot in the transformed T29H or T29K cells was then compared with that of the matched spot in immortalized T29 cells. To determine what would constitute significant changes between transformed and untransformed cells, the intrinsic variance of each protein spot was determined for each cell line. The average variance for individual spots in the replicate gels for the T29, T29H, and T29K were 34, 29, and 30%, respectively. Based on these observed values, we selected spots whose average normalized volume increased or decreased by at least 1.5-fold between the T29 and T29H/ T29K cell lines as significantly changed candidates. A total of 143 protein spots were identified to differ significantly between T29 and T29H cells, whereas 117 protein spots were changed significantly between T29 and T29K cells. Interestingly of these altered spots, only about 40 spots are common between T29H and T29K. Using peptide mass fingerprinting, we successfully identified 55 of these altered protein spots (Table I ). The apparent observed molecular mass and pI for all identified proteins matched very well with their calculated values.
Up-regulation of TSG101 in RAS V12 -transformed Human Ovarian Epithelial Cells-TSG101 was identified as a protein that was up-regulated in both the K-RAS V12 -and H-RAS V12 -transformed ovarian epithelial cell line (Fig. 2, A and B) . The protein level of TSG101 was up-regulated ϳ2-fold in T29H and T29K cells as compared with its immortalized counterpart, T29 cells. This up-regulation was further confirmed by immunoblotting analysis of total protein lysates from T29 and T29H cells using an antibody specific to TSG101 (Fig.  2C) . To check whether the apparent increase in TSG101 protein was due to the transcriptional regulation of the TSG101 gene, the levels of TSG101 mRNA in T29 and T29H cells were examined by semiquantitative (Fig. 2D ) and real time PCR (Fig. 2E) . Both methods showed no significant change in TSG101 mRNA levels between T29 and T29H cells, indicating that the regulation of TSG101 occurs at the post-transcriptional level in H-RAS V12 -transformed human ovarian epithelial cells. This is consistent with an earlier mRNA expression array study showing that the transcription levels of TSG101 were not significantly different in T29 and T29H cells (33) .
Regulation of TSG101 by RAF/MEK/MAPK Pathway-To further determine whether the change in TSG101 levels is a direct effect of elevated RAS activity in T29H cells, we examined the TSG101 protein levels in response to FTI-277, a pharmacological inhibitor that represses H-RAS activation through inhibiting the farnesylation of H-RAS (39) . As shown in Fig. 3A , FTI-277 caused a significant decrease of TSG101 in T29H cells, suggesting that TSG101 up-regulation was directly linked to the level of H-RAS activation. Due to the fact that FTI-277 is a general farnesyltransferase inhibitor and could cause cellular effects other than H-RAS inhibition, we used a retrovirus-based siRNA technique to specifically inhibit H-RAS activity. Although H1 siRNA inhibits oncogenic H-RAS V12 specifically, the H2 siRNA vector suppresses both endogenous wild-type and oncogenic H-RAS. The specificity and effectiveness of H1 and H2 siRNAs have been demonstrated in our previous publications (34, 38) . Stable expression of H1 and H2 in T29H cells led to significant reduction in the levels of TSG101 protein (Fig. 3B ) accompanied with decreased RAS protein levels and activities (data not shown), confirming that H-RAS is indeed directly responsible for the up-regulation of TSG101 in this cell line.
To dissect the cellular signaling mechanism by which H-RAS impinges on TSG101 regulation, we used inhibitors for known RAS effector pathways. The MEK inhibitor U0126 significantly decreased cellular TSG101 to levels similar to that of untransformed T29 cells and cells treated with FTI-277, whereas the phosphatidylinositol 3-kinase inhibitor LY294002 showed minimal effects on TSG101 levels (Fig. 3A) . These results indicate that oncogenic H-RAS V12 , signaling through MEK but not PI3K kinase, up-regulates TSG101 post-transcriptionally.
To ensure that H-RAS-mediated post-transcriptional regulation of TSG101 does not just occur in the genetically defined T29H human ovarian cancer cell model, we examined the effect of altering H-RAS activity on modulation of TSG101 in a naturally derived ovarian cancer cell line, SKOV-3. This cell 
TABLE I Proteins identified by mass spectrometry to be changed significantly between T29 and T29H/T29K cells
The spot numbers correspond to those on the master images in Fig. 1 line does not contain an oncogenic RAS allele, but nonetheless exhibits elevated levels of RAS activity (38) . TSG101 protein levels in SKOV-3 cells, which are expressed at levels similar to those in T29H cells, showed a marked decrease following specific gene silencing of endogenous RAS with H2 siRNA specific for wild-type H-RAS (Fig. 3C ), whereas H1 siRNA specific for oncogenic H-RAS V12 had no effect. These data suggest that the regulatory effect of H-RAS signaling on TSG101 is present not only in T29H cells but also in other naturally derived human ovarian cancer cells.
H-RAS Regulates TSG101 through p14 ARF /HDM2-After ascertaining the connection between oncogene RAS activity and the cellular levels of TSG101, it is imperative to establish the molecular mechanism by which H-RAS post-transcriptionally regulates TSG101. It has been suggested that the oncoprotein MDM2 (HDM2 in humans) can regulate the cellular level of TSG101 through a negative feedback loop (40) , and because it has been well established that RAS can exert opposing effects on MDM2 (induction of MDM2 transcription and conversely activation of the MDM2 inhibitor p14 ARF via the RAF/MEK/MAPK pathway) (41), we hypothesized that H-RAS might regulate TSG101 levels through modulation of p14 ARF and HDM2. Consistent with this hypothesis, we found that oncogenic RAS up-regulated p14 ARF in T29H cells, and this increased cellular level of p14 ARF can be suppressed by U0126, a specific inhibitor of the RAS downstream target MEK (Fig. 4A) . Up-regulation of p14 ARF by RAS sequestered HDM2 in the nucleus and led to a reduction of cytoplasmic HDM2 levels in T29H cells despite the fact that the total cellular levels of HDM2 were up-regulated in T29H cells (Fig.  4B) . The cytoplasmic levels of HDM2 were restored in cells where H-RAS V12 levels were suppressed by H1 and H2 siRNA vectors (Fig. 4B) , suggesting that oncogenic RAS activity is directly responsible for the reduction of cytoplasmic HDM2. To test whether decreased cytoplasmic HDM2 levels in T29H cells are indeed liable for the up-regulation of TSG101 through a negative regulatory loop as suggested, we monitored the levels of cellular TSG101 in T29H cells in response to ectopic overexpression of HDM2. As shown in Fig. 4C , overexpression of HDM2 in T29H led to a significant decrease in TSG101 protein levels. Similar results were observed in SKOV-3 cells. Taken together, these data suggest that oncogenic RAS activates the HDM2 inhibitor p14 ARF through the RAF/MEK/MAPK signaling pathway, suppressing cellular HDM2 activity and consequently resulting in an increase in overall cellular levels of TSG101. 
FIG. 3. TSG101 up-regulation is H-RAS-specific and mediated through the MEK/ERK cell signaling pathway. A, cells were pretreated for 24 h with FTI-277 (H-RAS inhibitor), U0126 (MEK-specific inhibitor)
, and LY294002 (PI3K-specific inhibitor). Equivalent amounts of cellular lysates were separated by 12% SDS-PAGE, transferred to PVDF membranes, and probed with TSG101 antibody. B, cells were stably transfected with retroviral siRNA constructs against either H-RAS V12 only (H1) or both wild-type and oncogenic RAS (H2). Cell lysates on PVDF membranes were probed with TSG101 antibody. Equal protein loading was determined by Ponceau S staining of PVDF membranes. C, SKOV-3 cells were transfected with H1 and H2 siRNA. Cell lysates were harvested, separated by 12% SDS-PAGE, transferred to PVDF membranes, and probed with TSG101 antibody. Gel images are representative of three independent experiments.
Up-regulation of TSG101 in Human Ovarian
Cancer Samples-To investigate the clinical association of RAS-mediated TSG101 up-regulation in human ovarian surface epithelial cells, we compared the expression levels of TSG101 in normal human ovarian and ovarian cancer samples using an affinitypurified mouse anti-human TSG101 monoclonal antibody (Clone 4A10) by immunoblotting analysis. Although normal ovarian tissue lysates did not show significant expression for TSG101, the expression of TSG101 was increasingly positive in low grade and high grade carcinomas (Fig. 5) . To further confirm the clinical association of RAS-mediated TSG101 up-regulation in human ovarian surface epithelial cells, we probed the expression levels of TSG101 in ovarian carcinomas using human ovarian cancer tissue arrays. The relative optical density of the marker expression was measured and then analyzed using a non-parametric test. Again an increased expression in TSG101 levels in ovarian tumors (⌺OD, 68 Ϯ 16) was observed as compared with those of normal ovarian surface epithelial cells (⌺OD, 102 Ϯ 15). Although the levels varied from negative (26.3%) to strongly positive (23%) among 152 primary ovarian carcinoma samples analyzed (Table II), the increased TSG101 expression observed in ovarian tumors is statistically significant (Kruskal-Wallis analysis of variance:
2 , 86.74; p Ͻ 0.0001). TSG101 Is Required for Growth/Survival of Ovarian Carcinoma SKOV-3 Cells-To elucidate the functional role of TSG101 in ovarian cancer development, we disrupted the expression of TSG101 in SKOV-3 using a TSG101 siRNA duplex that has been successfully applied to specifically suppress the expression of endogenous TSG101 in several earlier studies (42) (43) (44) (45) . Suppression of TSG101 expression was confirmed by semiquantitative PCR and immunoblotting (Fig. 6, A  and B) . Initial observations showed no significant cellular effects in terms of rate of cell growth up to 72 h post-transfection of TSG101 siRNA. However, when the effect of TSG101 suppression on cell viability was carefully monitored by MTT assay as a function of time, SKOV-3 cells transfected with TSG101-specific siRNA started to decrease dramatically in number beginning 5 days post-transfection when compared with cells transfected with a scrambled control siRNA with the same GC content as the TSG101 siRNA (Fig. 6C) . These results suggest that TSG101 is essential for the growth and survival of SKOV-3 cells.
In vivo tumor formation assay in nude mice was performed to determine whether TSG101 knockdown affects the tumorigenicity of SKOV-3 cells. SKOV-3 cells, 72 h post-transfection either with TSG101 or control siRNA duplex, were pairwise injected subcutaneously into the left or right flanks, respectively, of the same BALB/c athymic nude mouse. Tumor growth was monitored for 6 weeks at which time the tumors were harvested and tumor volume was measured. In four mice tested, tumors formed from the SKOV-3 cells treated with TSG101 siRNA were significantly smaller than tumors formed from control siRNA cells (Fig. 6D) . Due to the transient nature of the siRNA duplex, the actual effect of TSG101 gene silencing should be more prominent. Taken together, these results suggest that TSG101 is important for the growth, survival, and tumorigenicity of ovarian cancer cells. TSG101 Knockdown Suppresses CITED2/HIF-1␣ Expression and Activation-To determine the potential mechanism of TSG101 gene silencing-mediated inhibition of cell viability and tumorigenicity, we examined the expression of a panel of genes involved in cancer formation and cell survival. The expression of two closely related transcriptional regulators, CITED2 and HIF-1␣, were found to be significantly down-regulated in SKOV-3 cells 3 days following TSG101 siRNA transfection (Fig. 7A) . Both CITED2 and HIF-1␣ have been implicated in regulating cell growth and survival. The decrease in CITED2 and HIF-1␣ messenger occurred coincidently with the decrease of SKOV-3 cell viability on the same time scale. Although the cellular protein levels of HIF-1␣ were too low to be detected using Western blot analysis under normoxic conditions, the cellular levels of CITED2 were significantly reduced in SKOV-3 cells with TSG101 suppressed by siRNA (Fig. 7B) .
To test the functional consequence of TSG101 knockdownmediated down-regulation of CITED2/HIF-1␣, we examined HIF-1␣ transcriptional activity using a HIF-1-inducible fluorescent reporter. This construct was created by splicing five copies of the HRE upstream of enhanced GFP, which provides a convenient method for monitoring HIF-1 activity levels by following GFP expression using fluorescence microscopy (46) . As shown in Fig. 8A , fluorescent signal derived from GFP expression appeared significantly decreased in TSG101 knockdown cells 4 days post-transfection compared with controls. Immunoblotting analysis further confirmed a significantly decreased expression of GFP in TSG101 knockdown SKOV-3 cells (Fig. 8B) . Taken together, these results indicate that TSG101 is an important regulator of HIF-1␣ gene expression and transcriptional activation.
DISCUSSION
Collaboration among oncogenes and tumor suppressors represents a key mechanism of oncogenic transformation. Our recent study suggests that oncogenic RAS plays an important role in the epigenetic inactivation of opioid-binding protein/cell adhesion molecule-like gene, a recently identified tumor suppressor in human epithelial ovarian cancer (47) . In the present report, using a 2DE-based functional proteomics approach we identified TSG101 as a protein significantly altered post-transcriptionally following transformation of human ovarian surface epithelial cells with oncogenic H-RAS or K-RAS. To our knowledge, this is the first report linking RAS signaling and regulation of TSG101 protein levels. Previous studies show that the primary mechanism for TSG101 protein regulation occurs at the level of protein degradation (32) , and TSG101 and MDM2 form an autoregulatory loop that modulates the cellular levels of both proteins (40) . Our study demonstrates that oncogenic RAS, acting through the RAF/MEK/ ERK signaling cascade as shown previously (48), up-regulates p14 ARF , which in turn suppresses cellular activity of HDM2 and consequently leads to the increase of cellular TSG101 protein levels in RAS-transformed cells. The clinical significance of the RAS-mediated TSG101 up-regulation is clearly demonstrated by the finding that the expression of TSG101 is increasingly positive in borderline tumors and low grade and high grade carcinomas, whereas normal ovarian epithelial cells show negative staining for TSG101. The ability to detect protein expression alterations in human ovarian carcinomas using a genetically defined cancer model and functional proteomics further validates the physiological relevance of this model and the value of the proteomics approach in cancer study.
To determine the significance of TSG101 up-regulation and the role that TSG101 may play in tumor formation and development in human ovarian cancer, we used siRNA to knock down TSG101 in the ovarian carcinoma cell line SKOV-3 with hyperactivated RAS signaling pathways similar to the engineered T29H cells (38) . SKOV-3 cells exhibited significant growth inhibition and underwent apoptosis ϳ5 days following transfection with TSG101 siRNA. In addition, when injected into athymic nude mice, SKOV-3 cells with TSG101 silenced induced significantly smaller tumors in vivo, suggesting that TSG101 has a definitive prosurvival effect on this ovarian epithelial cancer cell line. These findings are in agreement with recent data pointing to a more growth-promoting rather than tumor-suppressive effect of TSG101 as proposed earlier (25, 27, 31) and suggest that oncogene RAS-mediated upregulation of TSG101 is a positive factor for cell survival and tumor growth in ovarian cancer cells.
Suppression of TSG101 expression in SKOV-3 cells is accompanied by the reduction of CITED2 and HIF-1␣, two closely related transcriptional regulators that play important roles in the regulation of cell growth and survival. Gene knockout of Cited2 in mice resulted in embryonic lethality and premature senescence of the Cited2 Ϫ/Ϫ mouse embryonic ARF that suppresses cellular HDM2 activity (41) . Inactivation of HDM2 leads to elevated cellular levels of TSG101 through a negative feedback loop (40) . Increased TSG101 levels in ovarian cancer cells enhance CITED2/HIF-1␣ expression and activation and subsequently promote cell growth and survival. fibroblasts with increased expression of the cell proliferation inhibitors p16
INK4a , p19 ARF , and p15 INK4b (49, 50) , whereas overexpression of CITED2 in Rat1 cells led to anchorage-independent growth in soft agar and tumor formation in nude mice (51) . These observations suggest that CITED2 is essential for cell proliferation and survival. On the other hand, HIF-1␣ controls the expression of more than 70 genes (52) and plays a critical role in cancer cell survival (53) and tumor migration and metastasis (54, 55) . In addition to their individual roles in transcription regulation, HIF-1␣ and CITED2 have also been shown to operate in a negative feedback loop through a common interaction with CBP/p300: HIF-1␣ transcribes CITED2 during hypoxia, and accumulation of CITED2 inhibits HIF-1␣ transactivation by blocking its interaction with CBP/p300 and restores normal oxygen homeostasis (56) . Given the important roles that CITED2 and HIF-1␣ play in cell proliferation and survival, the apparent growth-inhibitory and apoptotic effects of TSG101 gene silencing observed in the SKOV-3 cells may be partially mediated by the loss of CITED2/HIF-1␣ expression.
In summary, we have demonstrated a novel mechanism of TSG101 regulation through the RAS signaling pathway. This regulatory mechanism appears to be post-translational in nature and likely involves p14 ARF /HDM2. From our studies and the observations of others, we conclude that RAS-mediated up-regulation of TSG101 provides progrowth/survival stimuli through the modulation of transcription regulators such as HIF-1␣ and CITED2 (Fig. 9) . This is consistent with the findings that oncogenic RAS-induced HIF-1␣ via the RAF/MEK/ MAPK pathway is important for RAS-mediated tumor promotion (57) and inhibition of RAS activation in glioblastoma leads to down-regulation of HIF-1␣ and cell death (58) . This connection among oncogenic RAS, TSG101, and HIF-1␣/CITED2 may play an important role for RAS-mediated oncogenic transformation as it has been shown that loss of HIF-1␣ negatively affects tumor growth in oncogenic RAS-transformed cell lines (59) . Finally our study demonstrates that TSG101 is overexpressed in ovarian carcinomas and may represent a potential target for future therapeutic intervention to inhibit growth and precipitate apoptosis of cancer cells.
